Targeted modification of the genome has long been an aim of many geneticists and biotechnologists. Gene targeting is a main molecular tool to examine biological effects of genes in a controlled environment. Effective gene targeting depends on the frequency of homologous recombination that is indispensable for the insertion of foreign DNA into a specific sequence of the genome. The main problem associated with the development of an optimal procedure for gene targeting in a particular organism is the variability of homologous recombination (HR) in different species. Chlamydomonas reinhardtii is an attractive model system for the study of many cellular processes and is also an interesting object for the biotechnology industry. In spite of many advantages of this model system, C. reinhardtii does not readily express heterologous genes and does not allow targeted integration of foreign DNA into its genome easily. This paper compares data obtained from several different experiments designed for improving gene targeting in different organisms and reviews the suitability of particular techniques in C. reinhardtii cells.
Introduction
During the last decades the molecular mechanisms and regulation of different recombination processes have increasingly become a focus of study. The application of techniques ranging from simple methods of genetic analysis to more and more sophisticated molecular techniques has resulted in a huge increase of knowledge that has contributed significantly to a better understanding of the essential roles of recombination in the maintenance of genomes. The basic substrate for the action of recombination mechanisms is a double strand break (DSB), which represents the most critical damage that can be inflicted to cells. A single unrepaired DSB is sufficient for apoptosis in mammalian cells (Rich et al. 2000) . DSBs are generated as a consequence of a replication block, by environmental factors such as ionizing radiation, by cellular metabolic products, and as intermediates of recombination processes in the genome. For the repair of DSB, cells employ two different recombination mechanisms, namely homologous recombination (HR) and non-homologous end joining (NHEJ). HR is any process in which two identical or similar sequences interact and exchange genetic information. This process is usually very precise as is exemplified by the most common natural occurrence of HR in meiotic recombination and is also a very important DNA repair mecha-nism. Many different models have been created with the ambition to explain the mechanism of HR. Most of the data have come from genetic analyses of lower eukaryotes, but molecular biology has not yet elucidated the details of HR (for a review see Smith 2001) . NHEJ simply re-ligates the ends of a DSB resulting in a deletion of a sequence with a size between a few bp to several kb. It has been found that NHEJ plays an important role in V(D)J recombination by ligating of programmed DSBs (Taccioli et al. 1993) . In bacteria and some species of yeast, HR has long been known as a major pathway for the repair of DSBs. More recently, HR has also been shown as a major DSBs repair pathway in vertebrate cells, in addition to non-homologous end joining (Johnson & Jasin 2001; Sonoda et al. 2006) . In vertebrate cells, HR is operative predominantly in the late S and G2 phases when sister chromatids are available, resulting in gene conversion that most of the time is not associated with crossing-over. NHEJ can function in all phases of the cell cycle and requires a regulatory mechanism to choose between HR and NHEJ for recombination in particular processes (Sonoda et al. 2006) . In spite of conservation of both pathways their relative contribution to DSB repair varies considerably among species.
Targeted modification of the genome has been a long-standing goal of many geneticists and gene target-ing is a powerful molecular tool to examine biological effects of genes. Successful gene targeting depends on the frequency of HR that is crucial for the insertion of foreign DNA into a particular sequence of the genome.
Chlamydomonas reinhardtii is an attractive model system for studying many cellular processes and it is also an interesting object for the biotechnology industry. Despite many advantages of this model system, C. reinhardtii does not readily express heterologous genes and is indisposed to targeted integration of foreign DNA into its genome. Homologous recombination has been shown to occur in vegetative Chlamydomonas cells (Gumpel et al. 1994; Sodeinde & Kindle 1994; Zorin et al. 2005; Mages et al. 2007 ) but up to now targeted disruption of only a single endogenous gene (NIT8) has been reported (Nelson & Lefebvre 1995) . HR occurs rarely in Chlamydomonas and, therefore, it is not yet available as a routine tool for a knockout or targeted replacementof Chlamydomonas genes (Mages et al. 2007 ). This paper compares the results of several different experiments aimed at developing methods for gene targeting in different species, with special reference to techniques specifically developed for Chlamydomonas reinhardtii cells.
Expression of the genes responsible for HR
One possible approach to increase the rate of HR is to introduce an active exogenous recombinase into a cell. The pairing of homologous molecules and strand exchange are key events in HR. This process is usually promoted by RecA-like proteins and their homologues which are widely distributed among prokaryotic and eukaryotic species (Lloyd & Sharp 1993; Brendel, et. al. 1997) . Some laboratories have examined the ability of the E. coli RecA protein to contribute the repair of DNA damage in wild type or recombination-defective mutant strains with various results (Brozmanová et al. 1991; Slaninová et al. 1996; Morais et al. 1998; Dudáš et al. 2003) . RecA protein that was successfully expressed in yeast cells was not able to complement a defect of the RAD51 gene whose product is the first known E. coli RecA homologue. On the other hand RecA protein was able to complement a defect of RAD52p which does not display homology with RecA, but which has strong binding activity to both ssDNA and dsDNA and which mediates Rad51 dependent strand exchange (Dudáš et al. 2003; Brozmanová et al. 2004 ). The effect of RecA protein over-expression on stimulation of gene targeting has been not examined in these studies, because HR is very efficient in yeast cells anyway. Another laboratory tested the potential stimulative effect of RecA protein over-expression on HR in mammalian cells and found that the frequency of gene targeting at the hprt locus increased tenfold in somatic cells expressing RecA protein (Shcherbakova et al. 2000) . Mitomycin C is known to intercalate into DNA, leading to cross-links with complementary strands and blocking of DNA replication. Heterologous expression of the E. coli RecA protein increased the resistance of transgenic tobacco cells to mitomycin C and moreover HR was stimulated at least tenfold (Reiss et al. 1996) . Later the same group reported that RecA stimulates only sister chromatid exchange and the fidelity of DSBs repair but not gene targeting in plants transformed by Agrobacterium (Reiss et al. 2000) . As predicted by the endosymbiont theory the chloroplast recombination system is related to the eubacterial recombination system. Therefore many homologues of the E. coli RecA protein were found in chloroplast genomes of numerous plant species. C. reinhardtii possesses a homologue of the E. coli RecA protein encoded in the nucleus and operating on chloroplast DNA. This protein is immunologically related to E. coli RecA and moreover over-expression of E. coli RecA protein from chloroplast DNA stimulates more than fifteen fold the frequency of plastid DNA recombination (Cerutti et al. 1995) . Although the C. reinhardtii genome contains a homologue of the E. coli recA gene and thus C. reinhardtii should be able to perform HR, we were not able to express the cloned E. coli recA gene in C. reinhardtii from native C. reinhardtii promoter and 3' regulatory signals free of doubt, nor were we able to verify its predicted effect on HR (our unpublished results). A major problem probably resided in the 20%-difference of the codon usage of the E. coli recA gene as compared to the codon usage that is generally observed in Chlamydomonas genes. Some new developments in gene targeting using heterologous genes were reported recently (Shaked et al. 2005; Tzfira & White 2005) . These authors demonstrated a high frequency of gene targeting in Arabidopsis plants by expressing the yeast DNA repair protein Rad54p which is a member of he Swi/Snf2 family of ATP-dependent chromatinremodelling factors. In four independent experiments when targeting the cruciferin-encoding gene they observed 5-62-fold increases in HR compared to the wild type control (Shaked et al. 2005) .
In the light of what is presently known, the prospects for an improvement of HR in Chlamydomonas cells using heterologous gene expression are not very optimistic. The effects of heterologous enzymes expressed in different species are unclear and moreover stimulation of HR is quite variable. It is probably related to the different degrees of contribution and competitive roles of HR and NHEJ to DSB repair in different organisms. Participation of each mechanism is very often dependent on the production of free ends generated by DSBs and the latter is dependent on the availability of processing enzymes typical for a particular mechanism (Sonoda et al. 2006) . Additionally, when we consider well-known difficulties in heterologous gene expression in Chlamydomonas cells (Cerutti et al. 1997) , this approach for improving HR in Chlamydomonas is not very promising.
Stimulation of HR using site-specific (endo)nucleases
Homing endonucleases are a diverse collection of sitespecific endonucleases recognizing 14-40 bp sequences and tolerating various degrees of degeneracy of target sequences (Belford & Roberts 1997) . In vivo they play a pivotal role as target selector proteins in the homing of introns and inteins in the genome of bacteriophages, bacteria, archaea and unicellular eukaryotes. They are grouped into four families of which the LAGL-IDADG family is the largest with at least 200 members (see at http://rebase.neb.com/cgi-bin/azlist/homing). Much interest has focused on the homing endonucleases due to their potential applicability as a tool in gene targeting. The pioneering experiments using highly specific DNA cleavage to investigate stimulation of HR by DSBs in mammalian cells have been made more than 13 years ago (Rouet et al. 1994) . The authors used the I-SceI homing nuclease from yeast which has an 18-bp recognition site for the stimulation of HR. When a SceI recognition site was inserted into a target gene and endonuclease was expressed, HR and gene targeting were stimulated over 1000-fold (Rouet et al. 1994 ). I-CreI is a homing endonuclease whose gene was discovered in the chloroplast genome of C. reinhardtii (Rochaix & Malnoe 1978) . I-CreI endonuclease is encoded by the chloroplast ribosomal group I intron and cleaves specifically intronless copies of the large ribosomal RNA (23S) gene. To examine DSB-induced recombination in the chloroplast, a target site for I-CreI endonuclease embedded in cDNA of the 23S gene was integrated at an ectopic location and the gene for I-CreI endonuclease was deleted in one strain. Genetic analysis in haploid progeny performed after crossing with a wild type strain demonstrated strong stimulation of HR mediated by DSBs. Gene conversion was observed when the 23S cDNA and the neighboring copy of the 23S gene were in opposite orientation, leading to mobilization of the intron to the 23S cDNA (Dürrenberger et al., 1996) . I-ApeI is an intron-encoded endonuclease from the hyperthermophilic archeon Aeropyrum pernix and belongs to the LAGLIDADG family. It recognizes a 20bp sequence of which only 7 bp are essential while the other positions are variable (Nomura et al. 2005) . In a number of recent studies, site-specific DNA DSBs have been used to induce efficient gene targeting. Novel engineered so-called meganucleases are produced for DSB induction in different organisms (Epinat et al. 2003) . Endonuclease-induced gene targeting has, however, one major limitation which is that the target locus must contain an endonuclease cleavage site. Therefore the first step in such strategies is to introduce the nuclease recognition site into the target gene. Considering the low frequency of HR this is a big problem. Perspectives for using natural endonucleases as tools for gene targeting depend on the possibility of finding enzymes whose target sequences are already contained at the target loci. Since the natural repertoire of homing endonucleases is currently limited to about 300 proteins, most of them are still hypothetical or uncharacterized. It thus becomes necessary to resort to novel, artificial meganucleases, for which specificity has been tuned according to target choice (Epinat et al. 2003) . Zinc-finger nucleases ZFN (originally termed chimeric restriction enzymes) are also one of the newest tools for targeted mutagenesis (Porteus & Carroll et al. 2005; Tzfira & White 2005) . This kind of enzymes was first developed following the hypothesis that novel sequence specificities could be created by fusing the nonsequencespecific cleavage domain of the FokI type II restriction endonuclease to a new DNA-binding domain (Kim et al. 1996; Chandrasegaran & Smith 1999; Kandavelou et al. 2004) . Custom-made pairs of ZFN genes can be specifically designed to recognize a unique combination of 18 nucleotides and therefore ZNFs are able to recognize nearly every sequence of the genome and thus they represent promising tools for achieving gene targeting (Tzfira & White 2005) .
Different DNA topologies in gene targeting
In many organisms, such as higher eukaryotes like mammals, targeted insertion is limited by a strong bias against HR. Since this is not the case in yeast, the history of targeted insertion mutagenesis consequently started with the first successful integrative transformation in Saccharomyces cerevisiae (Hinnen et al. 1978) . Targeted insertion is induced by in vivo insertion of suitable vector DNA into a homologous locus of a chromosome after transformation of the cells. Three groups of basic topologies of targeting vectors are routinely used for gene targeting. First there are common circular vectors with a selection marker and with a region of homology to the target sequence. In the second group are so-called ends-in vectors, which are vectors that are linearized prior to transformation by restriction digestion and which carry deletions inside the homology region. Finally, there are so-called ends-out vectors in which the selection marker is inserted between two parts of the target sequence (Fig. 1) . Usually, the selection marker does not share homology with the recipient DNA sequence. The main differences between two linear vectors are the configuration of their free ends and differences in the pairing with the target DNA. In Saccharomyces cerevisiae, transformation efficiency is usually much higher with ends-in vectors than with circular and ends-out vectors (Hastings et al., 1993) ; the last two have comparable transformation efficiencies. Very often ends-in vectors have been demonstrated to integrate in multiple tandem repeats not typical for circular and ends-out vectors (Klinner & Schäfer 2004) . Mitotic stability is highest for ends-out vectors, because their integration is not accompanied by the formation of duplicated homologous regions.
Despite the fact that Saccharomyces cerevisiae is generally appreciated for its ability to carry out HR, some authors have demonstrated that the frequency of gene replacement by transformation of linear exogenous DNA is surprisingly low (Leung et al. 1997) . These authors believe that ends-in and ends-out recombinations proceed by different mechanisms. Some of the pertinent data suggest that during ends-out recombination only one of two strands of DNA is assimilated creating heteroduplex DNA over the entire length. This is dif- Fig. 1 . Structure and recombination of ends-in and ends-out vectors. Ends-in vectors are linearized and create a gap in the plasmid target region. Integration of these vectors occurs additively giving rise to two tandem copies of the target gene (one of the two copies still carrying a potential mutation represented by a vertical bar) separated by the vector plasmid. Ends-out vectors contain a central selection cassette integrated into a copy of the target gene which is, therefore, split into two parts. In this case, the targeted region is replaced by the incoming vector via homologous recombination between the two parts of the vector copy of the target gene and the homologous regions of the chromosomal copy of the target gene. Open circle, marker for orientation; vertical bar in target gene, site of mutation. ferent from the more limited formation of heteroduplex DNA at the ends of DNA fragments undergoing endsin recombination. The most popular explanation of the mechanism of gene conversion that is supposed to take place in such events is synthesis dependent strand annealing (SDSA), in which the newly synthesized strand is displaced as a single strand from the migrating replication bubble and the complementary strand can be synthesized. Integration of all kinds of vectors is very often indicated by drawing crossing-over symbols, although a number of results support the assumption that crossing-over essentially does not occur during integration, particularly in the case of ends-out vectors (Klinner & Schäfer 2004) .
It is known that the majority of transgenic animals are mosaics suggesting that integration of targeting vectors occurs during DNA replication (Smith et al., 2001) . Some data indicate that the free ends of the transgene construct initiate recombination by invasion of a replication bubble by one of the two DNA strands of the construct (Smith et al., 2001) . A very important rate-limiting step is the subsequent mismatch correction by which heteroduplexes between the incoming and the resident DNA strands are repaired. It has been reported that 85% of the mismatches in heteroduplexes were repaired in favour of the resident DNA strand, even if the resident DNA strand was the mutant strand (Leung et al. 1997) .
In summary, data about the efficiency of gene targeting in different organisms by using ends-in or endsout vectors are discrepant. It is conceivable that dif-ferent, and independent, HR pathways may be operational during a single targeting event. This is most likely the case with replacement ends-in or ends-out transgene vector constructs in which the homology regions are present at both ends of the transgene, separated by heterologous DNA. In such cases, an independent HR event can be expected at each end of the vector (Smith et al. 2001) .
Other studies scrutinized the potential of ssDNA to increase the rate of HR in gene targeting experiments (Rauth et al. 1986; Simon & Moore 1987; Baur et al. 1990; Bilang et al. 1992; Zorin et al. 2005 ) and since single-stranded DNA plays a central role in all proposed recombination models, the use of single-stranded targeting vectors is a promising approach for improving HR. Taken together, most of these experiments demonstrated an increased rate of HR. Only in the study of Zorin et al. (2005) the use of ssDNA did not lead to an obvious increase in the rate of HR but instead caused a strong reduction of nonhomologous DNA integration (which is the major route for integration of transforming DNA into the Chlamydomonas genome) and thus nevertheless allowed isolation of homologous recombinants.
Concluding remarks
In contrast to prokaryotes and some lower eukaryotes, many (especially higher) organisms prefer nonhomologous integration of foreign DNA into the genomes over homologous recombination. The number of homologous recombinants that can be obtained in a particular experiment is dependent on several factors such as choice between various recombination systems in the cells of particular species, transformation methods, the topology and length of homology regions within targeting vectors, and the usage of single-stranded versus doublestranded targeting constructs.
HR in Chlamydomonas depends heavily on a better understanding of the control and balancing between NHEJ and HR during different phases of the cell cycle. Progress can be expected from the completion of the Chlamydomonas genome sequence and its annotation which has already given insights into which repair and recombination systems are present in this organism. This information may be very useful in designing HR strategies that could make use of native Chlamydomonas recombination proteins thus avoiding problems with heterologous gene expression that have been encountered in previous experiments (our unpublished results).
Considering the information that is presently available, we conclude that HR can be achieved in Chlamydomonas in principle, but that it is currently not yet possible to propose an optimal way for improving it to the point where Chlamydomonas genes for which no direct selection for a knockout or targeted replacement is available will become accessible for functional analysis. To achieve this goal a substantial amount of work remains to be done, but these efforts are fully justified in the light of the simplicity, versatility and beauty of this organism.
